Background: Animal and human studies indicate that definitive host helminth infec-
| INTRODUCTION
Exposure to micro-organisms may alter subsequent risk of non-infectious diseases, such as allergy. For example, protection against allergy as a result of being brought up on a farm 1 has been explained by the innate immune response being trained by the local microbial environment. 2 Conversely, pathogenic lower respiratory tract viral infections in early life, such as those caused by respiratory syncytial virus (RSV) infections, lead to a remodelling of the pulmonary immune system with potential elevated risk of subsequent allergic airway disease. 3 It is hypothesized that exposure to helminths might be an important contributor to the risk of allergic disease. Helminth infections result in the host eliciting a type 2/Th2 immune response. This is characterized by helminth interaction with epithelial cells causing epithelial release of alarmin cytokines (eg, IL-25/IL-33) which drive innate lymphoid type 2 (ILC2) secretion of IL-4, IL-5 and IL-13.
These cytokines support the induction of characteristic eosinophilia and M2 macrophage polarization along with CD4 T cell polarization to a Th2 phenotype and B cell secretion of IgE, a response similar to that which drives allergic pathology. 4 However, pre-clinical studies have demonstrated that helminth infections limit induction of type 2 allergic pathology by secreting substances that directly influence host immunity by, for example, raising regulatory immune response components (eg, regulatory T and B cells: Treg and Breg) 5, 6 or limiting epithelial cell alarmin secretion. 7 Clinical studies in areas endemic for helminth infections support these findings. [8] [9] [10] The presence of helminth infection may be required for this protection as antihelminth therapy can lead to increased prevalence of allergic disease in helminth endemic regions. 11 These and other related studies have led to the suggestion that increasing and high rates of allergy in the developed world might be, at least in part, due to the loss of effective immune control by host-adapted parasitic helminth infections. 12 However, helminth exposure may not always be protective against allergy. In high-income countries, the major human parasitic helminths associated with allergy protection have been controlled by strong public health provision breaking the cycle of infection. 13 However, zoonotic exposure is not uncommon through exposure to parasites of livestock and companion animals. [14] [15] [16] Indeed, a number of relatively recent studies have identified Ascaris suum infection and associated pathology (such as Loffler syndrome) to occur (albeit at low levels) in northern European and North American pig farming areas. [17] [18] [19] [20] A more common cause of zoonotic helminth infections comes from Toxocara canis and T. cati which naturally infect dogs and cats. 21 According to recent studies, levels of human exposure to these parasites can vary from 6% to 87% depending on age and local environmental factors. [21] [22] [23] [24] [25] [26] [27] [28] Zoonotic infection by Toxocara spp. is typically via ingestion of eggs by direct contact with dogs or cats or via fecally contaminated soil. Human infection by Toxocara spp. is, in most cases, asymptomatic. 21, 22, 29 However, a proportion of infections can provoke pathologies with rheumatic, neurologic and asthmatic symptoms. 23, 30, 31 Zoonotic Toxocara spp. exposure is also associated with increased risk of asthma and atopy. 23, 25, 29, 32, 33 In this study, we aimed to address how common seropreva- ipants, the same day as the blood samples were taken. Smoking (in adults) was categorized into never smokers, previous smokers and current smokers. The study subject's level of education was categorized as primary school, secondary/technical education and college/ university, whereas the adolescents were categorized as being students/still in school.
| Statistical analyses
Descriptive statistics for the study population were reported as mean and range or standard deviation for continuous variables and count and percentages for categorical variables.
Logistic regression was applied to assess associations between pet keeping, place of upbringing, age and sex as well as other potential variables that might be associated with helminth exposure (anti-Toxocara and anti-Ascaris IgG4 positivity). Similar models were applied to study associations between Toxocara seropositivity and allergic sensitization (specific IgE and SPT towards inhalant allergens), 3 | RESULTS
| Characteristics of study populations
The median age was 26 years in the offspring generation and 53 years in the parent generation ( Table 1 ). The education level in this population was high, with more than 50% of study participants reporting University or college degrees. The parent generation had more often kept cats in childhood, but there was no statistical difference in dog keeping between the 2 generations (Table 1 ). Current pet keeping was similar between the 2 cohorts. Of the parent generation, 15% had grown up on a farm with livestock, compared to only 0.8% of the offspring generation. The 2 generations had similar lifetime prevalence of rhinitis and hayfever, but the offspring generation had a higher prevalence of positive allergy test (positive SPT or IgE towards at least 1 inhalant allergens) than the parent generation (44.5% vs 31.1%, respectively, P = .006) ( Table 1) .
| Detection of IgG4 to helminth antigens
Overall, 11.7% had detectable levels of anti-Toxocara spp. IgG4, with a higher prevalence among the parents (17.5%) than among the offspring (8.0%), P = .002 (Table 1) . Overall, 17.9% of the study population had detectable levels of anti-Ascaris spp. IgG4; 29.2% in the parent generation and 10.3% in the offspring generation. Among the participants with elevated levels of Toxocara spp. IgG4, 88% also had elevated levels of anti-Ascaris spp. IgG4, suggesting sera cross-reactivity and/or simultaneous exposure to other parasitic nematodes. The seroprevalence of Toxocara and Ascaris IgG4 was decreasing in more recent cohorts (Figures 1 and 2 ) with a statistically significant trend for Toxocara in offspring ( Figure 1 ) and decreasing trend for Ascaris for parent and offspring combined (P = .07, Figure 2 ). Among the offspring, we also detected total IgG4 in 77% and 86% of the subjects with either anti-Ascaris spp. or anti-Toxocara spp. IgG4, respectively.
Total IgG4 was associated with cat and dog keeping in childhood. (Table 2B ). There was no association between Toxocara spp. and Ascaris spp. seropositivity and total IgE (data not given).
| Exposure to helminths as associated with risk of allergic sensitization and diseases
In the offspring generation, anti-Toxocara IgG4 was associated with 3 to 4 times increased risk of reported wheeze, hayfever and eczema (Table 3A) . Anti-Toxocara IgG4 was further associated with increased risk of positive SPT/IgE towards cat allergens (OR = 5.65 [1.92-
16.6]).
In the parent generation, anti-Toxocara IgG4 was not significantly associated with any allergic outcome; the associations were generally in a negative direction (Table 3A) . For anti-Ascaris IgG4, the patterns were generally similar, with anti-Ascaris IgG4 being associated with increased allergic outcomes in the offspring generation but not in the parent generation (Table 3B ). In the model assessing cat allergy, we tested for interaction between Toxocara seropositivity and childhood cat keeping. No significant interaction was found (P = .34). The associations between allergies and Toxocara seropositivity were not altered when adjusted for childhood or current pet keeping. (Table S1 ). Ascaris spp. positivity was borderline significant for SPT towards cat (aOR = 2.67 [0.99, 7.24], P = .05), but non-significant for Ascaris spp. and cat-specific IgE (Table S2) .
Although parents' Toxocara seropositivity was not associated with their own allergic manifestations, parents' Toxocara seropositivity appeared to be associated with allergic manifestations in their offspring (Table 4) . Gender-specific patterns, indicating associations between paternal exposure and their daughters' outcomes (significant for asthma, eczema and timothy grass) and maternal exposure and their sons' outcomes (significant for any specific IgE positivity and sensitization to cat allergens), were also found (Table 4) .
T A B L E 1 Characteristics of study populations (in percent unless otherwise specified) Only measured for offspring. Information missing for sex and age (n = 3), BMI (n = 3 for offspring, n = 7 for parents), education level (n = 19), father/ mother asthma (n = 34) place of upbringing (n = 20), cat ownership (early childhood: n = 41, late childhood: n = 35, current: n = 22), dog ownership (early childhood: n = 44, late childhood: n = 36, current: n = 22), wheeze (n = 20), hayfever, rhinitis, asthma, positive allergy test (n = 5), eczema (n = 7), total and specific IgE (n = 4), Ascaris (n = 11),* smoking status only available for adults. Parents=ECRHS. Offspring=RHINESSA.
| DISCUSSION
In this study, we present evidence that exposure to helminths exists in a Norwegian population and that this parasitic exposure may have important health implications. To the best of our knowledge, this is the first study to address prevalence of zoonotic exposure to helminths in Norway. We detected antibodies against Toxocara spp. and
Ascaris spp. in 12% and 18% of the study participants, respectively.
We found a higher prevalence of exposure in participants born Helminth exposure was associated with childhood cat keeping in both the parents and offspring generations, place of upbringing in parents, and increasing age and increasing BMI in offspring. Exposure to Toxocara spp. was an important risk factor for allergic disease. In the offspring generation, Toxocara spp. seropositivity was associated with a 3-4 times increased risk of several allergic outcomes. However, in the parent generation, Toxocara spp.
seropositivity was not associated with parental allergic outcomes, but did associate with allergic outcomes in their offspring following a complex sex-specific pattern. Neither childhood nor current pet keeping explained the associations of Toxocara spp. with allergies.
The 12% prevalence of anti-Toxocara IgG in our study corresponds with reports from other European countries and the United States, with 8%-11% reported for Dutch children, 32,33 8% for Dutch adults, 14 14% in a US population-based study (NHANES), 28 but lower than among Spanish adults (29%). 29 We found that Toxocara | 71 asthmatics), 30 Turkey (13% of asthmatics and 2% of non-asthmatics) 31 and Sri Lanka (29% of asthmatics and 10% in non-asthmatics). 23 Why zoonotic Toxocara spp. infections do not confer the protection associated with natural helminth infections is not known, but may possibly be due to Toxocara spp.-secreted immune regulatory products being active against dog and cat immune responses and not against human. 38 Therefore, the Toxocara spp.
induced type 2 immune response may lack effective regulation in a human host, thereby promoting allergic pathology and potentially sensitization to other allergens.
39
T A B L E 2 Odds ratio (OR) and 95% CI for (A) anti-Toxocara spp., (B) anti-Ascaris spp. IgG4 positivity and associations with gender, age, BMI, cat and dog keeping and place of upbringing An unexpected finding from our study was the large differences in allergic risk association between the parent and offspring generations. No effects from Toxocara spp. seropositivity were indicated in the parent generation. However, Toxocara spp. seropositivity was strongly associated with increased risk of allergic outcomes in the offspring generation. This may imply that early-life exposure to Toxocara is a risk factor for development of allergic disease and that the risk resulting from this exposure may not be lifelong. Changes in microbial diversity in the environment might potentially be of importance for response to helminths, as it has been demonstrated that gut microbiota can alter the response to Toxocara in mice. 40 The age effect in our study, with Toxocara seroprevalence increasing with age in the offspring generation, might reflect a time trend rather than a biological age patterns, and decreasing seroprevalence of Toxocara in more recent birth cohorts is presented in Figure 1 . Similar trends were observed for Ascaris. Comparison of offspring and parents in the present study indicated that both Toxocara and Ascaris exposure were lower in offspring. Rural areas tend to exhibit higher prevalence of human exposure to helminths (35%-42%) than semi-rural (15%-20%) or urban (2%-5%) areas. 41 Although urban living is the most fitting description of the populations in the present study, urban areas, such as parks and town squares, can contain high numbers of Toxocara eggs and may represent a substantial risk factor for infection by Toxocara spp. Indeed, some studies have reported higher levels of Toxocara seroprevalence among subjects living in urban compared to rural areas. 27, 29 An intriguing finding in our study was the association of parental Toxocara spp. seropositivity with offspring allergic outcomes, namely paternal exposure increased risk of allergy in daughters and maternal exposure increased risk in sons. Adjustment for pet keeping did not alter the associations; thus, shared environment did not appear to explain the findings. In addition, adjustment for parental allergies did not alter the findings, suggesting that heritability in allergy or reverse causation did not explain the findings. Others have demonstrated maternal helminth exposure to influence offspring susceptibility to allergy, 42 and there are mice models demonstrating that maternal helminth infection influences immunological characteristics in pups. 43 With regard to differential risk outcome by gender, research focused on other exposures than helminths has found that parental pre-conception exposure might influence disease risk in offspring differently through the maternal and paternal lines. 44, 45 The risk of allergy has been reported not only to be affected by the maternal or paternal line, but also to depend on the sex of the child. 44, 46, 47 In our study, parental anti-Toxocara IgG4 was measured years after the offspring were born. The half-life of IgG4 in general is approximately 21 days, 48 but Toxocara larvae may stay capsulated in tissues for many years in accidental hosts. 49 In the present study, we also addressed Ascaris seroprevalence in the cohort and found higher rates of seropositivity in the parent (29%) than in the offspring generation (10%). Ascaris spp. exposure could be acquired via a number of sources, most plausibly via exposure to agricultural or wildlife sources of Ascaris spp. (especially A. suum), which are recognized zoonoses in northern Europe. 17, 20 That Ascaris spp. IgG4 was also more commonly detected in individuals associated with exposure to livestock farm supports this hypothesis. Less likely may be the maintenance of A. lumbricodes infection cycle in the study area. The data may also reflect non-specific ELISA reaction due to antigen cross-reactivity. Helminth proteins targeted by IgE have been shown to be cross-reactive with other allergens which include proteins from house dust mite and cockroach, 55 and cross-reactivity between Ascaris lumbricoides and
Dermatophagoides farinae IgG has been demonstrated in rabbits. 56 However, as documented cases of toxocariasis are rarely described in Norway, we would not expect our study participants to have specific IgE towards Toxocara spp. We therefore focused on assessing IgG4 towards Toxocara spp., which is most commonly used for serodiagnosis of toxocariasis. 57 Although we did not have data on acceptable for detecting exposure to Toxocara spp. 57 Moreover, we based our definition of exposure on elevated levels of Toxocara spp.
IgG4 which lends greater specificity 59 to our findings and therefore greater confidence that our measurements genuinely reflect exposure to the parasite. Furthermore, sera were pre-incubated on A. lumbricoides-coated plates and then transferred to T. canis-coated plates. By applying this method, we limited the possibility that Toxocara spp. positivity is a marker for Ascaris spp. exposure. There is little data on cross-reactivity between Toxocara and environmental allergens. In our study, no association was observed for T. canis IgG4 and allergic sensitization towards HDM. In our study, the RHINESSA offspring were tested for SPT towards cockroach allergen. However, only 3% were sensitized, too few to test for associations with Ascaris and Toxocara IgG4 positivity.
Our study populations are thoroughly characterized, but the relatively low number of study participants has limited our ability to detect associations. This might be 1 reason that indicated protective associations between helminth exposure and allergic outcomes in the parent population did not reach statistical significance, despite the fact that this population had higher prevalence of Ascaris and Toxocara seropositivity. We reported association with Ascaris spp.
seropositivity and growing up on farms with livestock. Given the nature of the exposure and the known association between Ascaris spp. and farm animals, especially pigs, it would have been valuable to know which type of livestock the participants had been in contact with. Unfortunately, this information was not captured in the interview or questionnaires. The study design limits our possibility to infer any causal relationship between exposure to Ascaris spp. and Toxocara spp. However, the associations reported in the present study raise some intriguing possibilities of zoonotic helminth exposures as a potential modifier for allergic disease development which warrants more research.
In conclusion, this study shows that in an affluent northern European population, helminth exposure is still relatively common and that Toxocara seropositivity appeared to be a strong risk factor for allergic outcomes in the younger generation. Toxocara was associated with childhood cat keeping, but this did not explain the associations between Toxocara and allergies. The risk associations differed between the parent and offspring generations, and parental
Toxocara seropositivity was associated with allergic outcomes in their offspring but not in themselves. These intriguing findings might shed light on the increase in allergies during the last decades. Our findings suggest that zoonotic helminth exposure may modify the risk of allergic disease.
